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In mammalian skeletal muscle, the majority of myogenic nuclei are present in myotubes formed through myoblast fusion; however, a small fraction of myonuclei are present as mononucleic precursor cells, known as myogenic satellite cells. These cells have condensed chromatin and organelle characteristics, which suggests that they are metabolically quiescent (43) and are present between the basal lamina and sarcolemma of myofibers, where they express the transcription factor pax7 (71) . Quiescent satellite cells can become activated and enter the cell cycle in response to exercise, muscle damage, and degenerative muscle diseases (19, 31, 54) . After activation, cells proliferate and follow a myogenic program to form myoblasts, which subsequently differentiate and fuse to form multinucleated myotubes. This process requires the expression of four myogenic regulatory factors (MRFs): myf5 (myogenic factor 5) (13), myog (myogenin) (27, 69) , myogenic factor 6 (MRF4/myf6) (12, 45, 56) , and myoD (25) . These musclespecific proteins are members of the basic helix-loop-helix family of transcription factors and are required for the transcription of muscle-specific genes that code for structural and enzymatic muscle proteins, such as myosin heavy chain and muscle creatine phosphokinase. Analysis of MRF expression in mammalian embryos has demonstrated that they are sequentially expressed in developing somites, with myf5 first expressed in muscle progenitors (53), followed by myog and MRF4 (8, 60) and, finally, myoD (15) . In contrast, myoD and myf5 are the first genes expressed in activated single myogenic satellite cells (21, 63) . Although MRFs show partial redundancy, they show distinct expression patterns during develop-ment (15) and have acquired specific functions during myogenesis. For example, gene knockout of myog produces mice with myoblasts, but no differentiated muscle (32) , and double knockout of myoD and myf5 produces nonviable mice completely lacking in myoblasts and skeletal muscle (59) . Functionally, MRFs are partially redundant, yet each can convert several cell lines into differentiated skeletal muscle (68) .
The IGF signaling pathway plays an important role in the regulation of mammalian skeletal muscle growth (65) by its promotion of proliferation (28) and differentiation (22) of myogenic cells. IGF stimulation of this pathway activates a phosphorylation cascade through the phosphatidylinositol 3-kinase-Akt-mammalian target of rapamycin pathway (22) , resulting in increased translation and protein synthesis (57) and inhibition of protein degradation pathways (9) . This pathway is also regulated by amino acid availability (1), demonstrating the importance of hormonal and nutritional signaling in skeletal muscle mass regulation.
Myogenesis shows a number of distinct features in teleosts compared with amniotes. In teleosts, myogenic cells are specified earlier than in mammals (37) , and adaxial cells, which give rise to the embryonic slow muscle layer in the somites, are present (7, 26) . Furthermore, myotubes continue to be produced in fast myotomal muscle in the juvenile and early adult stages of the life cycle, resulting in a dramatic increase in fiber number during postembryonic growth; e.g., in Atlantic salmon, fiber number increases from 5,000 at hatching to a maximum of ϳ900,000 per myotomal cross section (36) . In contrast, primary and secondary muscle fibers are produced in the embryonic and fetal stages in rodents, and fiber number becomes fixed shortly after birth (58) .
The aim of the present study was to use a primary cell culture derived from fast skeletal muscle of Atlantic salmon to investigate the regulation of myogenesis by amino acids and IGFs. In particular, we wanted to search for evidence of differences in the transcriptional regulation and, hence, subfunctionalization of myoD1 paralogs to gain insights into the consequences of gene duplication events for the regulation of myogenesis in teleosts.
MATERIALS AND METHODS

Ethical Approval
Our protocol and all experiments were approved by the Animal Welfare Committee of the University of St. Andrews. Fish were humanely killed following Schedule 1 of the Animals (Scientific Procedures) Act 1986 (Home Office Code of Practice. London: HMSO, January 1997).
Isolation of Myogenic Progenitor Cells and Cell Culture
Myogenic progenitor cells were isolated and cultured as previously described (10) . Six-well cell culture plates (Greiner Bio-One, Stroudwater, UK) were treated with a 100 g/ml poly-L-lysine solution (Sigma, Gillingham, Dorset, UK) at 4 g/cm 2 for 5 min at room temperature, the solution was aspirated, and the plates were washed twice with sterile water and allowed to air-dry. One milliliter of laminin (Sigma) in DMEM at 20 g/ml was applied to each well, the samples were incubated at 18°C overnight, and the cells were plated. Cell culture was performed using complete medium (DMEM, 9 mM NaHCO 3, and 20 mM HEPES, pH 7.4) supplemented with 10% (vol/vol) fetal calf serum (Sigma) and 1ϫ antibiotics (Sigma), which was changed daily. At the start of cell culture, cells were seeded at 1.5-2.0 ϫ 10 6 cells/well.
Cell Starvation and Treatments
Cells were grown until 9 days of culture and then washed once with amino acid-deprived (starve) medium [Earle's balanced salt solution, 9 mM NaHCO 3, and 20 mM HEPES (pH 7.4) supplemented with 2 g/l glucose, 1ϫ vitamins, and 1ϫ antibiotics (Sigma)] and then grown for 72 h in starve medium. Control cells were grown in complete medium. RNA was extracted from the cells at 0, 6, 12, 24, 36, 48 , and 72 h following treatment.
Cells starved for 72 h were grown for 24 h in starve medium, starve medium supplemented with IGF-I (recombinant salmon protein, 100 ng/ml; GroPep, Adelaide, Australia) or IGF-II (recombinant salmon protein, 100 ng/ml; GroPep); amino acid medium [DMEM (which contains amino acids), 9 mM NaHCO 3, 20 mM HEPES (pH 7.4), and 1ϫ antibiotics]; amino acid medium with IGF-I (100 ng/ml), IGF-II (100 ng/ml), or IGF-I ϩ IGF-II (100 ng/ml each); or amino acid medium with 1 M insulin (Sigma). RNA was extracted from cells at 0, 3, 6, 12, and 24 h following treatment.
Immunofluorescence of Culture Cells
Cells were grown on glass coverslips treated with poly-L-lysine and laminin, as described previously (39) . Samples were washed twice in PBS, fixed in 4% (wt/vol) paraformaldehyde for 20 min at room temperature, subjected to two 5-min wash cycles in PBS, permeabilized with 0.2% (vol/vol) Triton X-100 ϩ PBS for 5 min, washed twice in PBS, and then blocked in 5% (vol/vol) normal goat serum, 1.5% (wt/vol) BSA, and 0.1% (vol/vol) Triton X-100 ϩ PBS for 1 h at room temperature. All antibody steps were performed in PBST (1% BSA and 0.1% Triton X-100 in PBS). Desmin antibody (Sigma) was diluted 1:20 (vol/vol) in PBST and incubated overnight at 4°C, and samples were washed three times in PBS. The samples were incubated in a 1:400 (vol/vol) dilution of anti-rabbit Alexa Fluor 405 antibody (Invitrogen, Carlsbad, CA) in PBST for 1 h at room temperature and washed three times in PBS. Cells were then counterstained for actin with Alexa Fluor 568-phalloidin (Invitrogen) and for nuclei with Sytox green (Invitrogen) according to the manufacturer's recommendations. Cells were imaged using a confocal microscope (model TCS SP2, Leica Microsystems, Wetzlar, Germany).
Cell Cycle Analysis
Total cell cycle and S phase duration were determined from continual exposure of cells to complete medium containing a 1:100 (vol/vol) dilution of bromodeoxyuridine (BrdU; Invitrogen). Replicate wells at 9 days of culture were exposed to BrdU (1:100 dilution) and then sampled and fixed at 4, 8, 12, 16, 20, 24, 28 , and 32 h. Samples were washed twice in PBS, fixed in 4% (wt/vol) paraformaldehyde for 20 min at room temperature, subjected to two 5-min wash cycles in PBS, permeabilized with 0.2% Triton X-100 ϩ PBS for 5 min, washed twice in PBS, and then blocked in 5% (vol/vol) normal goat serum, 1.5% (wt/vol) BSA, and 0.1% (vol/vol) Triton X-100 ϩ PBS for 1 h at room temperature. Samples were incubated in a 1:20 (vol/vol) dilution of anti-BrdU Alexa Fluor 546 antibody (Invitrogen) in PBST for 1 h at room temperature and washed three times in PBS. Cells were then counterstained for nuclei with Sytox green according to the manufacturer's recommendations. Cells were imaged from three fields of view (0.56 mm 2 , ϫ20 magnification) using a confocal microscope (model TCS SP2, Leica). BrdU and Sytox-stained nuclei were visualized, and the number of BrdU-and Sytox-positive nuclei per field were counted manually. Cell cycle and S phase durations were calculated following cumulative BrdU labeling, as described previously (14, 49) .
Quantitative Real-Time PCR Experiments
The following procedures were performed to comply with the minimum information for publication of quantitative real-time PCR experiments (MIQE) guidelines (16) .
RNA extraction and cDNA synthesis. RNA was immediately extracted from duplicate wells of three independent cell cultures. RNA was extracted and genomic DNA was removed using an RNeasy plus kit (Qiagen, Chatsworth, CA) according to the manufacturer's recommendations. RNA was concentrated by ethanol precipitation and quantified using a spectrophotometer (NanoDrop 1000, Thermo Fisher Scientific, Waltham, MA). Only RNA with a ratio of absorbance at 260 nm to absorbance at 280 nm between 1.8 and 2.1 and a ratio of absorbance at 260 nm to absorbance at 230 nm above 2.0 was used for cDNA synthesis. For samples where enough RNA was obtained (excludes day 2), the integrity of the RNA was confirmed by gel electrophoresis. Residual genomic DNA was removed using the genomic DNA wipeout buffer included in the Quantitect reverse transcription kit (Qiagen). RNA (800 ng) was reverse transcribed into cDNA for 30 min at 42°C using a Quantitect reverse transcription kit according to the manufacturer's recommendations. To check for contaminating genomic DNA, a control reaction, which lacked the reverse transcriptase enzyme (ϪRT), was performed.
Quantitative PCR. Quantitative PCR (qPCR) was performed using a qPCR system (MX3005P, Stratagene, La Jolla, CA) with Brilliant II SYBR (Stratagene). Each qPCR mixture contained 7.5 l of 2ϫ Brilliant II SYBR Green Master Mix (Surestart Taq DNA polymerase, 2.5 mM MgCl 2, and 6 l of cDNA), cDNA (80-fold dilution, 20-fold for IGF-I), each primer at 500 nM, and RNasefree water to a final volume of 15 l. Amplification was performed in duplicate in 96-well plates (Stratagene) with the following thermal cycling conditions: initial activation 95°C for 10 min followed by 40 cycles of 15 s at 95°C, 30 s at 60°C, and 30 s at 72°C
. Control reactions included a no-template control and ϪRT. To analyze dissociation of the PCR products, a gradient from 60°C to 95°C was run to confirm the presence of a single PCR product. Products were also sequenced to confirm identity. A dilution series (1:20, 1:40, 1:80, 1:160, 1:320, and 1:640) of pooled cDNA samples was used to calculate PCR amplification efficiencies of the genes.
Primer design. Many of the primers used for qPCR have been described elsewhere (10, 11, 39) and are listed in Table 1 E, PCR efficiency; Tm, melting temperature. Genes are as follows: elongation factor 1␣ (EF1␣), peptidyl prolyl isomerase A (Ppia), hypoxanthine phosphoribosyl transferase 1 (Hprt1), fibroblast growth factor (FGF2), myogenic enhancing factor 2A (MEF2A), myogenic regulatory factor 4 (MRF4), myogenic factor 5 (myf5), myogenin (myog), myoblast determination factors (myoD1a, myoD1b, myoD1c) , transcription factor (pax7), ribosomal protein S29 (Rps29), ribosomal protein L13 (Rpl13).
were designed using NetPrimer (Premier BioSoft) to have a melting temperature of 60°C and, where possible, to cross an exonexon junction to avoid amplification of genomic DNA. To determine exon-intron junction sites, genomic sequences for orthologous genes from Danio rerio, Gasterosteus aculeatus, Oryzias latipes, Takifugu rubripes, and Tetraodon nigroviridis were retrieved from Ensembl (http://ensembl.org/) and compared with the S. salar cDNA sequences using the Spidey software tool (http:// www.ncbi.nlm.nih.gov/spidey/). Primers were used at a final concentration of 500 nM.
Data Analysis
The stability of reference genes for Atlantic salmon myogenic cell culture has been previously described (10) . Data were analyzed with geNorm (67) using the geometric average of elongation factor 1␣ (EF1␣), hypoxanthine phosphoribosyl transferase 1 (Hprt1), and peptidyl prolyl isomerase A (Ppia), with the normalized gene expression values displayed as arbitrary units. Input data for geNorm were absolute values derived from a plasmid standard curve. Melting temperatures, efficiency values, and r 2 values for standard curves are given in Table 1 . As geNorm uses data that have been transformed to values between 0 and 1, the relative expression levels of myoD paralogs were calculated with Ppia as reference gene using Q-Gene software (47) . Ribosomal protein S29 (Rps29) and ribosomal protein L13 (Rpl13) were the most stable genes in starved and treated cells; therefore, the geometric average of these two genes was used for normalization of starved and treated cell gene expression data. Statistical analysis was performed with Minitab. When data conformed to parametric assumptions, ANOVA with Fisher's individual error post hoc test was used to identify significant differences.
When parametric assumptions were not met, the Kruskal-Wallis test was used. Correlations in gene expression were calculated using Pearson's correlation and, when data where not normally distributed, by Spearman's rank correlation.
RESULTS
Myogenic Cell Culture
The myogenic nature of the cell culture (Fig. 1A) was confirmed by the presence of the myogenic marker desmin (blue) and the presence of multinucleated myotubes visualized by Alexa Fluor 568-phalloidin-stained actin filaments (red) and Sytoxstained nuclei (green). At 2 days, all cells were mononucleic; they fused to form small myotubes at 5 and 8 days and, as the culture progressed, longer myotubes and sheets of longer multinucleated myotubes at 14 days (Fig. 1A) .
Cell Cycle Analysis
The accurate quantification of the cell cycle and S phase requires that the cells are growing at a steady state (49) . Steady proliferation rates in Atlantic salmon myogenic cell culture are observed from 9 days of culture (unpublished results). We therefore chose to analyze the cell cycle and S phase from 9 days of cell culture. The proportion of cells continually exposed to BrdU increased linearly over time and reached a plateau at 16 h (Fig. 1B) . The labeling index reached a plateau of 45%, indicating that 45% of the cells were in a proliferative state, with the remaining 55% likely quiescent or already having undergone terminal differentiation. The parameters obtained from the regression curve from the BrdU labeling where as follows: y-intercept ϭ 0.209, growth factor (GF) ϭ 0.44, and slope ϭ 0.0151 (Fig. 1B) . Total cell cycle and S phase were calculated on the basis of these parameters, as described by Nowakowski et al. (49) , with the S phase calculated as 13.3 h and the total cell cycle calculated as 28.1 h for myogenic cells cultured at 18°C.
Expression of MRFs During Maturation of the Culture
Two distinct expression patterns were shown by myoD1 paralogs during maturation of the cell culture. A 3.2-fold increase in myoD1a mRNA was observed between 2 and 8 days of culture (P Ͻ 0.05) as proliferating mononuclear cells began to form short myotubes and then remained at relatively high levels that were greater than the levels at 2 days (P Ͻ 0.05) throughout the remainder of the culture ( Fig. 2A) . In contrast, myoD1b and myoD1c expression increased 2.3-and 3.2-fold between 2 and 8 days of culture (P Ͻ 0.01) and then progressively declined to below 2-day levels at 20 days (P Ͻ 0.01) as myotubes formed. On average, mRNA levels of myoD1c were 3.0-and 5.7-fold higher than myoD1a and myoD1b, respectively (P Ͻ 0.01), except at 20 days of culture, when concentrations of myoD1a and myoD1c transcripts were equal (Fig. 2D) .
Expression of myf5 increased 3.1-fold from 2 to 8 days of culture and then returned to 2-day levels after 14 days (P Ͻ 0.05; Fig. 3A) . Expression of myog increased 4.3-fold from 2 to 8 days (P Ͻ 0.01) and remained at similar levels until 17 days of culture (Fig. 3B) . Expression of pax7 was also maximal at 8 days of culture (P Ͻ 0.05) but was then significantly downregulated below 2-day levels at 17 and 20 days of culture (Fig. 3C) .
The expression pattern for MRF4 was complex, showing peaks of expression at 2 and 14 days of culture (P Ͻ 0.01; Fig.  3D ). Myogenic enhancing factor 2A (MEF2A) showed an approximately linear increase in relative expression during maturation of the culture and was 2.4-fold higher at 20 days than at 2 days of culture (P Ͻ 0.01; Fig. 3E ).
To examine the expression of the MRFs relative to cell proliferation rates, we measured expression of the S phase marker PCNA. Expression of PCNA increased 3.1-fold from 2 to 8 days (P Ͻ 0.05) and then decreased, returning to levels not different from 2-day levels by 20 days of culture (Fig. 3F) . 
Correlated Gene Expression
A number of genes showed highly correlated expression patterns, making them candidates for coregulation. Correlated patterns of gene expression were observed in the individual cultures, as well as the overall analysis, demonstrating that the correlations are not an artifact of combining the data from three cultures. The genes with correlated expression included myoD1b and myoD1c (R ϭ 0.75, P Ͻ 0.0001; Fig. 4A ), myog and myoD1a (R ϭ 0.83, P Ͻ 0.0001; Fig. 4B ), myoD1b and pax7 (R ϭ 0.69, P Ͻ 0.0001; Fig. 4C ), myoD1b and myf5 (R ϭ 0.72, P Ͻ 0.0001; Fig. 4C ), PCNA and myoD1b (R ϭ 0.88, P Ͻ 0.0001; Fig. 4D ), and PCNA and myoD1c (R ϭ 0.70, P Ͻ 0.0001; Fig. 4E ).
Gene Expression in Starved Cells
Starving salmon myogenic cells, by growing them in culture medium free of amino acids and serum, modulated the expression of myoD1c, pax7, and PCNA (Fig. 5) . Levels of myoD1a and myoD1b remained unchanged (data not shown); however, myoD1c levels began to decrease as soon as 6 h in starved cells, reaching levels twofold lower than controls by 24 h (P Ͻ 0.05; Fig. 5A ). The expression profile for pax7 was inversely related to that of myoD1c and increased twofold as early as 12 h in starved cells (P Ͻ 0.05), reaching a peak of threefold upregulation at 36 h (P Ͻ 0.05; Fig. 5B ). PCNA levels decreased within 6 h, reaching levels over sixfold less than in controls by 72 h (P Ͻ 0.05; Fig. 5C ).
Amino Acid-and IGF-Stimulated Gene Expression in Starved Cells
Next, we examined how gene expression in starved cells varied in response to the addition of amino acids, IGFs, and insulin in various combinations.
While myoD1a did not respond markedly to any of the treatments (Fig. 6A), myoD1b (Fig. 6B) and myoD1c (Fig. 6C ) expression was modulated in temporally distinct patterns. In response to amino acid stimulation, myoD1c levels rapidly increased at 3 and 6 h (P Ͻ 0.05) before decreasing to 0-h levels at subsequent time points. Elevated levels of myoD1b were observed at 12 and 24 h (P Ͻ 0.05) with amino acid treatment. None of the paralogs responded to the IGF treatments, and we observed no synergistic effects when insulin was combined with amino acids. Amino acid stimulation decreased pax7 mRNA abundance threefold after 6 and 12 h (P Ͻ 0.05; Fig. 6D ). Neither IGF-I nor IGF-II treatment affected pax7 gene expression (Fig. 6D) . PCNA levels increased in response to amino acid treatment, reaching levels 1.5-to 2.0-fold higher than in starved cells at 0 h (Fig. 6E) .
DISCUSSION
Using in vitro cell culture techniques, we examined changes in mRNA expression for MRFs, including gene paralogs of myoD1, throughout myogenesis in Atlantic salmon. To better understand the nutritional regulation of these genes, the effects of amino acid and serum withdrawal, followed by stimulation with combinations of amino acids, IGFs, and insulin, were also examined.
There are three retained paralogs of myoD1 in Atlantic salmon, each with distinct expression patterns during development and in different fiber types (39) . These myoD paralogs were also differentially transcriptionally regulated during the proliferation and differentiation of myogenic cells. The most abundant paralog throughout the cell culture was myoD1c, which on average had mRNA levels 3.1-and 5.7-fold higher than myoD1a and myoD1b, respectively (Fig. 2D) .
After 20 days of culture, we observed a marked increase in transcripts of myoD1a, which is the predominant myoD1 paralog in adult fast muscle in vivo (39) . It has been reported that MyoD is required to maintain the fast muscle phenotype in rodent muscle (34) , and myoD1a, with its elevated expression in differentiating cells, is the paralog most likely to fulfill this function in Atlantic salmon. Interestingly, expression of myoD1a was highly correlated with myog expression (R ϭ 0.83, P Ͻ 0.0001), which may indicate that similar cis-acting regulatory elements are present within the promoters of these genes or that myoD1a is the paralog responsible for transcriptional regulation of myog. It is likely that myoD1c arose from duplication of myoD1b (39) and is, therefore, least similar to myoD1a. This is reflected in the expression patterns of the paralogs: myoD1a and myoD1c show little correlation (R ϭ 0.222, P ϭ 0.158), while myoD1a and myoD1b were positively correlated (R ϭ 0.496, P ϭ 0.001). Expression of myoD1b and myoD1c had a greater positive correlation (R ϭ 0.775, P Ͻ 0.0001; Fig. 4A ), suggesting that they have retained some similar cis-acting regulatory elements; however, the difference in their relative expression levels (Fig. 2D) suggests that myoD1c may have gained an enhancer element within its promoter or that myoD1c mRNA is more stable.
We demonstrate that, during Atlantic salmon myogenesis, the expression of the myogenic regulatory factors follows a sequential pattern similar to that observed during myogenic satellite cell development in mammals (63) (Figs. 2 and 3) ; however, MRF4 showed a biphasic expression pattern, with peaks at 2 and 14 days (Fig. 3D) . A similar biphasic expression pattern has previously been observed in the developing mouse myotome (6, 66) , which suggests possible roles in cell proliferation and differentiation. The early peak in expression may be related to the observation that MRF4 is a potent activator of myoD expression (61) .
Pax7 is expressed in quiescent mammalian satellite cells (62), which, when activated, coexpress this gene, as well as myoD, proliferate, and then downregulate pax7 during differ- entiation (72) . Cells that maintain pax7 but downregulate myoD return to a state resembling quiescence (48, 71) . Expression of pax7 in Atlantic salmon myogenic cells increased as cell proliferation rates increased (Fig. 3F) , reaching a maximum at 8 days (Fig. 3C) . When mammalian C2C12 myogenic cells undergo differentiation, a population of cells escape the terminal differentiation process, remaining in the culture to serve as "quiescent reserve cells," which can reenter the cell cycle, proliferate, and differentiate (70). Yoshida et al. (70) observed that up to 50% of the cells in a culture remained mononucleated, and in these "reserve cells," which escaped terminal differentiation, expression of myf5 and myoD was downregulated. It is interesting that expression of pax7, myf5, myoD1b, and myoD1c in our cultures peaks at 8 days and is subsequently downregulated (Figs. 2 and 3) . Also, the expression of myoD1c, the most abundant mRNA species of the three paralogs, returned to levels similar to 17-day levels at 11 days (Fig. 2C) , while pax7 expression (Fig. 3C ) remained elevated 
Stimulation of Gene Expression by Amino Acids and IGFs
Several MRFs have been reported to be transcriptionally modulated by nutritional status (20, 30) . We therefore examined the expression of MRFs in response to amino acid and serum withdrawal and subsequent stimulation by amino acids and IGFs at physiological concentrations (44, 30) .
Serum and amino acid withdrawal resulted in decreased expression of myoD1c, reaching levels two-and threefold less than controls after 24 and 72 h, respectively (Fig. 5A ). This was accompanied by increased expression of pax7, reaching levels threefold higher than in controls at 36 h (Fig. 5B) . As serum withdrawal leads to growth arrest in the G 0 phase of the cell cycle (17), we examined the expression of PCNA in starved cells. PCNA levels fell twofold within 6 h in starved cells and remained significantly lower than in control cells (Fig. 5C ), indicating that rates of proliferation had declined. The observed expression patterns in starved cells, with decreased myoD1c and PCNA and increased pax7, suggest that serum and amino acid withdrawal leads to cell cycle arrest and the production of quiescent cells (51, 71) . During the normal cell culture progression, pax7 expression peaks at 8 days and then declines significantly (Fig. 3C) . In contrast, with starvation at 9 days, pax7 increases, which indicates that cells other than reserve cells were also withdrawing from the cell cycle.
In response to amino acids, myoD1c and myoD1b expression increased (Fig. 6, B and C) , while pax7 levels decreased (Fig.  6D) , the opposite response to that observed in starved cells. This expression pattern, increased myoD and decreased pax7, suggests that amino acid stimulation of starved cells causes cells to commit to proliferate or enter terminal differentiation (52). As we did not observe any increase in myog mRNA levels in treated cells, it seems unlikely that the stimulated cells were committing to terminal differentiation (52) and, instead, were committing to proliferation. To further test this hypothesis, we examined the expression of PCNA in treated cells and found that PCNA levels increased 12 h after amino acid stimulation (Fig. 6E) . These results suggest that amino acids alone are sufficient to stimulate cells to enter the cell cycle. However, as local production of IGF-I and IGF-II are also stimulated by amino acids in starved salmon myogenic cells (unpublished results), these hormones may also contribute to this process.
The amino acid stimulation of the two myoD paralogs was temporally distinct, with myoD1c expression transiently increased twofold at 3 and 6 h following treatment (Fig. 6C) , while the response of myoD1b was slower, increasing at 12 and 24 h (Fig. 6B) . The sequential expression of myoD1c and myoD1b suggests that these two genes have subfunctionalized, and their combined expression profiles may provide the same function as their ancestral gene. Interestingly, the increased myoD1b expression followed the increased expression of PCNA, which suggests that this paralog may be involved in cell cycle regulation. To further examine this, we compared the expression of PCNA with that of myoD1b and myoD1c throughout the cell culture and found a high correlation between myoD1b and PCNA (R ϭ 0.88, P Ͻ 0.0001; Fig. 4D ) and a lower correlation between myoD1c and PCNA (R ϭ 0.70, P Ͻ 0.0001; Fig. 4E ). Cells that are deprived of serum become synchronized in the G 0 phase of the cell cycle (17, 24) but can reenter the cell cycle through complete media stimulation, to grow in a synchronized manner. In synchronized cells, myoD mRNA levels are modulated during the cell cycle, with peak expression during the G 1 and S/G 2 phases of the cell cycle (38) , and PCNA expression peaks at the G 1 /S phase (64) . The temporal expression profiles for myoD1b, myoD1c, and PCNA correspond with this pattern and are also within the calculated cell cycle time of 28.1 h (Fig. 1B) . Therefore, the expression profile for myoD1c and myoD1b may correspond to the expression of myoD during the G 1 and S/G 2 phases of the cell cycle, respectively (38) . As myoD1c arose from duplication of myoD1b (39), it is not surprising that the two paralogs would function within the same process, i.e., cell cycle regulation. The salmonid-specific WGD resulted in myoD1a and myoD1b (39) , and it appears that the latter paralog subfunctionalized, acquiring a role in cell cycle regulation. It is likely that myoD1c arose from a local duplication event (39) and also functions in the regulation of the cell cycle. In contrast, myoD1a, which is highly correlated with myog during myotube maturation, is involved in terminal differentiation.
The increased PCNA levels we observed following amino acid stimulation of starved cells is surprising, as mitogens, including IGF-I, are required for progression from the G 1 to the S phase of the cell cycle (17) . Curiously, PCNA expression was increased by amino acids and did not occur when IGFs alone were the stimulus. The role of amino acids in regulating many processes is well established, including regulation of the cell cycle, where stimulation of the mammalian target of rapamycin pathway is necessary for progression from the G 1 to the S phase (33); however, IGFs are also necessary for progression from the G 1 to the S phase (17) . As amino acid stimulation of starved cells also results in increased expression of IGF-I and IGF-II (unpublished results), local production of IGFs could be sufficient for progression to the S phase. Alternatively, the increased PCNA levels could occur in cells that have arrested close to the S phase, as cells within 2-3 h of entry into the S phase can enter the S phase without IGFs (17) . Our observations suggest that, in the absence of amino acids, IGFs alone are unable to stimulate progression from the G 1 to the S phase, indicated by continued decrease in PCNA levels. These results further demonstrate the importance of amino acids and paracrine/autocrine pathways in the regulation of Atlantic salmon myogenesis.
If we consider the importance of IGFs in cell proliferation and differentiation and the presence of a positive-feedback loop between IGF-II and MyoD (46) , it is interesting that we observed no effect on MRF expression from IGF-I or IGF-II stimulation. However, it is important to note that other factors that may have been missing from the growth medium (which was deprived of serum) and other cytokine-producing cell types may be necessary for stimulation of this pathway.
Perspectives and Significance
We have found that amino acids alone can affect the expression of myoD1b, myoD1c, and pax7, suggesting that the myogenic program in teleosts is regulated by amino acid availability. This could be an important response in teleosts, which have an amino acid utilization pattern that is different from that of mammals. For example, teleosts derive more than half of the amino acids used for protein synthesis from exogenous sources; in mammals, this value is ϳ20%, with the remainder derived from endogenous protein degradation (23) . Also, in mammals, glucose is the strongest stimulator of insulin secretion but is a weak stimulator in teleosts, where amino acids have the strongest insulinotropic effect (4) . The observed changes in gene expression by amino acid stimulation could be an important physiological response in a carnivorous animal with indeterminate growth. The different temporal transcriptional responses of the myoD1 paralogs add further evidence for their subfunctionalization in Atlantic salmon. The tetraploid genome of Atlantic salmon is currently being sequenced to draft level (http://www.bcgsc.ca/project/salmon), making it an excellent model organism for future investigations of the physiological consequences of genome duplication.
